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Alveolar epithelial cells are among the first cells to encounter in-
haled particles or organisms. These cells likely participate in the
initiation and modulation of the inflammatory response by produc-
tion of chemokines. However, there is little information on the
extent or regulation of chemokine production by these cells. Rat
type II cells were studied under differentiated and dedifferentiated
conditions to determine their ability to express and secrete CXC
chemokines. Both differentiated and dedifferentiated type II cells
secreted MIP-2, MCP-1, and CINC-2 in response to a cytokine mix-
ture of IL-1�, TNF-�, and IFN-� or to IL-1� alone. The cytokine
mixture also induced iNOS expression and nitrite secretion. Both
differentiated and dedifferentiated type II cells expressed CINC-1
(GRO), CINC-2�, CINC-3 (MIP-2), and MCP-1 mRNA, and their ex-
pression was increased by the cytokine mixture or by IL-1� alone.
However, CINC-2�, a splice variant of CINC-2, was only expressed
under differentiated conditions stimulated by KGF and was not in-
creased by the cytokine mixture or by IL-1�. In situ hybridization
of normal lung and lung instilled with Ad-KGF demonstrated that
CINC-2� was expressed by alveolar and bronchiolar epithelial cells
in vivo. We conclude that CINC-2� is regulated differently from
most other chemokines and that its expression is related to the
state of alveolar type II cell differentiation.
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The pulmonary epithelium is one of the first lines of defense
against inhaled particles, fumes, and organisms. One of the initial
responses of the lung at sites of injury is to secrete a variety
of chemokines to recruit neutrophils and monocytes. Previous
research has focused on resident macrophages and dendritic cells
as sources of these chemokines (1–3). However, it is probable
that epithelial cells also secrete these chemokines. For example,
bronchial epithelial cells have been reported to secrete IL-8
(CXCL8) (4), MIP-2 (CXCL2/3) (5), eotaxin (CCL11) (6),
RANTES (CCL5) (7), and MCP-1 (CCL2) (8). The airway epi-
thelium is thought to participate in initiating the inflammatory
response to particles, ozone, and viral infections (9–12). The
production of chemokines by bronchial epithelial cells is also
important in persistent inflammation in chronic conditions such
as asthma and cystic fibrosis (4, 13). However, the role of the
alveolar epithelium in distal lung inflammation is less well de-
fined. Alveolar type II cells have been reported to express MCP-1
(14, 15), MIP-2 (16), and RANTES (16). More recently, Vander-
bilt and coworkers reported that alveolar type II cells express
GRO (CINC-1) (CXCL1) and that the expression was markedly
stimulated by instillation of Pseudomonas aeruginosa or acid
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(17). However, there are very little data on actual levels of
secreted chemokines by type II cells so as to compare their
capability to macrophages or other resident lung cells.

In vitro alveolar type II cells can be cultured as a polarized
epithelium under conditions of differentiation as defined by ex-
pression of the surfactant proteins and phospholipid secretion
or under conditions of dedifferentiation (18, 19). Under dediffer-
entiated conditions, the cells are flat, they spread, and they do
not secrete surfactant components (20, 21). The exact phenotype
of dedifferentiated type II cells in vitro and how closely these
cells represent type I cells is controversial. However, they do
increase their expression of type I cell markers, such as T1-�
(22). In this study we sought to determine which chemokines
were secreted by rat alveolar epithelial cells in primary culture
and if the secretion of chemokines was related to their state of
differentiation.

In the rat, the CXC chemokines that recruit neutrophils are
termed cytokine-induced neutrophil chemoattractants (CINC)
(23, 24). There are four members of the rat CINC family, namely
CINC-1 (CXCL1, GRO), CINC-2�, CINC-2�, and CINC-3
(CXCL 2/3, MIP-2). CINC-1, CINC-2, and CINC-3 belong to the
CXC chemokine family and are potent chemotactic factors for
neutrophils (25, 26). There is one CINC-2 gene, and CINC-2�
and CINC-2� arise by alternate RNA splicing (26). The only
differences between CINC-2� and CINC-2� proteins are the
three amino acids at the C-terminus (27). Both CINC-2� and
CINC-2� are chemotactic for neutrophils with an effect at a
10 nM concentration (� 80 ng/ml) (27). CINC family members
are thought to play a major role in the recruitment of neutrophils
into rat lungs (28, 29). For example, CINC expression is thought
to account for neutrophil accumulation in the lungs after instilla-
tion of LPS, Pseudomonas aeruginosa, or acid (17, 30). MIP-2
and MCP-1 are thought to be largely responsible for the neutro-
phil and macrophage infiltration in pneumococcal pneumonia
(31). CINCs recruit neutrophils by signaling through the CXCR2
receptor (32).

Our hypothesis was that all CINC isoforms would be secreted
by alveolar epithelial cells in response to cytokines but that
differentiated type II cells would secrete much more chemokines
than dedifferentiated alveolar epithelial cells. This hypothesis
was based on the concept that type II cells play an important
role in innate immunity (33). We measured protein levels as
well as mRNA levels for those chemokines for which ELISA
assays were available. The unexpected finding was that CINC-2�
is regulated very differently from the other family members
in that its expression appears to be restricted to differentiated
type II cells and is not increased by cytokines.

MATERIALS AND METHODS

Isolation and Culture of Alveolar Type II Cells

Alveolar type II cells were isolated from specific pathogen–free adult
male Sprague-Dawley rats (Harlan, Indianapolis, IN) by dissociation
with porcine pancreatic elastase (Roche Diagnostics, Indianapolis, IN)
and partial purification on discontinuous metrizamide gradients (34).



506 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 33 2005

Type II cells were plated on a filter insert (30-mm-diameter Millicell-CM;
Millipore, Bedford, MA) that had been coated with 0.4 ml of a 4:1 (vol/
vol) mixture of 0.8 mg/ml rat-tail collagen and 2 mg/ml EHS tumor
matrix (Matrigel; BD Biosciences, Bedford, MA) as described pre-
viously (18, 19). The mixture was prepared at 4 �C and allowed to gel
at 37 �C. Cell viability was determined with erythrosin B exclusion, and
2.5 � 106 viable cells were plated in 1 ml of DMEM containing 5%
rat serum (Pel Freez Biologicals, Rogers, AK) plus 2 mM glutamine,
2.5 �g/ml amphotericin B, 100 �g/ml streptomycin, and 100 �g/ml
penicillin G; and 2 ml of the same media was added to each well outside
the insert. After attachment for 20 h, 0.4 ml of the specified medium
was added to the apical surface, and 2 ml of the medium was placed
outside the insert. In different experiments, the medium contained rat
serum alone or rat serum plus 10 ng/ml KGF (R&D Systems, Minneapolis,
MN). The wells were then placed on a rocking platform inside an incubator
gassed with 10% CO2. The medium was changed every 48 h (18).

Experimental Design

The cells were stimulated by either a mixture of rat cytokines (IL-1�
10 ng/ml, TNF-� 10 ng/ml, and IFN-� 10 ng/ml; R&D Systems) or by
IL-1� (1, 10, or 100 ng/ml) alone on the seventh day of culture for
chemokines expression. The cells were incubated for 4 h after addition
of cytokines for mRNA determinations and for 24 h for protein secre-
tion, iNOS protein expression, and nitrite measurement.

Measurement of SP-A and SP-D

SP-A and SP-D were measured by ELISA as described previously (35).
Recombinant rat SP-A and SP-D produced in Chinese hamster ovary
cells were used as the SP-A and SP-D standards. The IgG was purified
on protein A sepharose. The standards and antibodies were generous
gifts of Dennis R. Voelker and Amanda Evans (Denver, CO).

Measurement of Chemokines Secretion

MIP-2 and MCP-1 were measured with commercial ELISA kits ac-
cording to the manufacturer’s instructions (BioSource, Camarillo, CA).
CINC-2 was measured with an ELISA based on standard techniques,
with standards and antibodies provided by R&D Systems. The antibody
for CINC-2� (R&D Systems) used in this ELISA shows significant
crossreactivity to CINC-2�, and hence the product of this ELISA is
referred to as simply CINC-2. The CINC-2 ELISA assay was established
by Jay Westcott (ELISA Tech, Aurora, CO).

Measurement of DNA

To harvest type II cells for DNA assay, the collagen-EHS gel was
teased off the insert and placed in a polypropylene tube. The matrix
was digested by incubation with 1 ml of a 1:4 (vol/vol) mixture of
5 mg/ml type I collagenase (Worthington Biochemical, Lakewood, NJ)
and dispase (BD Biosciences, Bedford, MA). The cells were collected
in saline, sedimented, resuspended, and washed once before being re-
suspended in phosphate buffer for the DNA analysis. The suspension
was frozen and stored at �20 �C. After being thawed, the cells were
sonicated and the DNA content was determined fluorometrically
(Hoechst 33258) (36).

Western Blotting for iNOS

Immunoblotting was performed as previously described (18). The cells
were washed with PBS three times, then lysed in 100 �l of radioimmuno-
precipitation assay (RIPA) buffer (10 mM Tris [pH 8], 50 mM NaCl,
0.5% deoxycholate, 0.2% SDS, 1% NP-40) plus protease inhibitors
(160 �g/ml benzoamidine, 100 �g/ml phenanthrolene, 100 �g/ml aproti-
nin, 100 �g leupeptin, 100 �g/ml pepstatin A; PharMingen, San Diego,
CA), and a mixture of phosphatase inhibitors (Sigma, St. Louis, MO).
Samples were triturated 15 times through 25-gauge needles and centri-
fuged at 4 �C and 14,000 rpm to remove any insoluble membrane frac-
tion. Protein that was equivalent to 100 ng of cellular DNA was sepa-
rated by SDS-PAGE under reducing conditions using 8–16% gradient
gels (Invitrogen, Carlsbad, CA). Gels were transferred to nitrocellulose
or PDVF membranes. Blots were blocked in 5% nonfat dry milk in
Tris-buffered salt solution and incubated with rabbit anti-iNOS anti-
body (Alexis Biochemicals, San Diego, CA) or goat anti-actin antibody
(Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h at room temperature.

The immunoblots were washed and incubated with a secondary anti-
body, either horseradish peroxidase–conjugated anti-rabbit or anti-goat
(Jackson ImmunoResearch Laboratories, West Grove, PA), for 30 min
at room temperature. Antigens were detected by enhanced chemilumines-
cence according to manufacturer’s instructions (Amersham Biosciences,
Piscataway, NJ). Densitometry was used to quantify protein expression
with the NIH image analysis program.

Quantitative Real-Time PCR

Quantitative real-time PCR was performed as previously described
(18). Type II cells on the gels were directly lysed into 4 M guanidinium
isothiocyanate, 0.5% N-laurylsarcosine, and 0.1 M 2-mercaptoethanol
in 25 mM sodium citrate buffer. Total cellular RNA was isolated by
ultracentrifugation for 18 h at 150,000 � g through a 5.7 M CsCl cushion.
Any genomic DNA was removed by treatment with DNase.

Quantitative real-time RT-PCR analyses for CINC-2�, CINC-2�,
CINC-3, MCP-1, T1-�, and GAPDH mRNAs were performed using
the ABI PRISM 7700 Sequence Detection System instrument and soft-
ware (PE Applied Biosystems, Inc., Foster City, CA). The methods
used have been reported previously (18, 37, 38). Primers and probes
for the TaqMan system were designed using Primer Express software
(Perkin Elmer, Foster City, CA). The sequences of the PCR primer
pairs and fluorogenic probes used for each gene are shown in Table 1.

Northern Analyses

Two probes for CINC-2� were generated by PCR for Northern analysis
from type II cell RNA. The first was based on accession number
BF553317 and used CCT CCCTGTGACA CTGAAGAGTT AC as
the forward primer and GAA AAGCAGCTAG AGTTCCCCAG as
the reverse primer. The second probe used accession number D21095.
The forward primer was the same as that used for BF5553317 and the
reverse primer was CCG TCCTGAGGCT CCATAAATG. The probe
for CINC-2� was based on accession number BQ209915 and used
GGAATTCTCC TGTGACGCTG TAAAAACCAC as the forward
primer and CGGATCCATC CATCCAATGC TGCCTGG as the re-
verse primer. The PCR products were directionally cloned into plasmids
and amplified using methods reported previously (18, 37). All probes
were verified by sequencing.

RNA was isolated as stated for the real-time PCR measurements.
Northern analyses used the probe isolated with primers from accession
number D21095 and were performed as described previously (39). Type
II cells were directly lysed into 4 M guanidinium isothiocyanate, 0.5%
N-laurylsarcosine, and 0.1 m �-mercaptoethanol in 25 mM sodium citrate
buffer. Total RNA was isolated by centrifugation through a 5.7 M CsCl
cushion. Northern blots were probed with complementary DNAs that had
been radiolabeled with [�-32P] deoxycytidine triphosphate. Hybridization,
washing the blots, and imaging were performed as previously described
(39). In another series of experiments, a nonradioactive method with
DIG-labeled cDNAs (Roche Molecular Biochemicals, Indianapolis, IN)
was used. This probe was constructed with primers from accession num-
ber BF553317 and produced the same result.

Microarray Analyses

Expression gene profiling was performed with Affymetrix rat microar-
rays and analyzed as reported in detail previously (18). Data from these
experiments were added to document the state of gene expression of
the differentiated and undifferentiated alveolar epithelial cells, and part
of the data has been published previously (18).

In Situ Hybridization

Normal rats and rats that had been instilled with Ad-KGF were killed,
and lungs were fixed with 4% paraformaldehyde as described in detail
(34). In situ hybridization was performed as previously described (18, 40).
Tissue sections (4–6 �M) were mounted on Super Frost II glass slides
(Fisher Scientific, St. Louis, MO) and hybridized with 33P-labeled sense
or antisense RNA Probes transcribed from rat cDNA for CINC-2� and
CINC-2�. After a series of high-stringency washes, the slides were
dipped in Kodak NTB-2 nuclear track emulsion (Eastman Kodak,
Rochester, NY). Autoradiograms were exposed in light tight boxes for
17 d at 4 �C, developed, and then counterstained with hematoxylin.
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TABLE 1. THE SEQUENCES OF THE PCR PRIMER PAIRS AND FLUOROGENIC PROBE

Gene Accession No. Forward Primer Reverse Primer Probe

CINC-1 D11444 GGGTGTCCCCAAGTAATGGA TGTCAGAAGCCAGCGTTCAC CAGACGCCATCGGTGCAATCTATCTTCTT
CINC-2� D87927 CCAGCTGAGCTGGGAAAGG GGATCGCTGCTCTGCTTCA AGGCAGGTCCTCCATCACCGTACAAGA
CINC-2� D21095 GAGACGGGAATGCAATTTGTTT GGTCTGCTAGGAATGTTGTCGAT CATCCGAATTCTACGTGCGTGAGGACTCT
CINC-3 RNU45965 CGGGCAGAATCAAAGAGAAAA CTCAGACAGCGAGGCACATG ACAAACTGCACCCAGGAAGCCTGG
MCP-1 AF058786 CTCACCTGCTGCTACTCATTCACT CCTGCTGCTGGTGATTCTCTT GTTCTCCAGCCGACTCATTGGGATCA
T1-� RNU07797 AACCGCTTCTTTCTGGACGAT GGCTCTGGCATTTTGTGACA CTCATCCCAGATGCTCAGAAAGTTTGTTGG

Statistics

t Tests were used to compare cytokine treatments to control values,
when a single treatment was used. The t test was also used to compare
the effect of KGF plus rat serum to rat serum alone in the absence of
cytokines. The Kruskal-Wallis test and Dunn’s multiple comparison
tests were used to determine if any IL-1� treatments were different
from control. Statistical significance was defined as P � 0.05, and values
are presented as means 	 SE.

RESULTS

Cytokines Increase CINC-2, MIP-2, and MCP-1 Secretion and
iNOS Expression

To determine if alveolar epithelial cells could secrete CXC che-
mokines, alveolar cells were stimulated by a cytokine mixture
of IL-1�, TNF-�, and IFN-� (all 10 ng/ml). Isolated type II cells
were cultured in rat serum plus KGF to produce differentiated
type II cells or in rat serum alone to produce dedifferentiated
type II cells (19) (Table 2). Cells were cultured for 6 d with
KGF, since KGF produces reproducible differentiated alveolar
type II cells, but it takes time to achieve this effect (19). Type
II cells cultured with KGF proliferate and are differentiated
as demonstrated by the expression and secretion of surfactant
proteins as reported previously (18, 19) (Table 2). In the current
experiments, KGF stimulated proliferation as measured by DNA
per well (21.9 	 1.8 �g DNA per well for KGF plus rat serum
versus 5.0 	 0.5 �g DNA per well for rat serum alone [n 

7]). KGF also stimulated differentiation as measured by SP-A
secreted into the apical medium. The SP-A level in the medium
collected from Day 7 to Day 8 of culture was 1,504 	 350 �g/
ml for KGF plus rat serum and 23 	 8 �g/ml for rat serum alone
(n 
 7). The dedifferentiated type II cells cultured in rat serum
alone have a very low level of surfactant protein gene expression
(18), but they have an increased level of expression of T1-�, a
marker of the type I cell phenotype. By real-time PCR the
dedifferentiated type II cells (5% rat serum) expressed 3.1 	
0.5 times more T1-� mRNA than the differentiated type II cells

TABLE 2. COMPARISON OF GENE EXPRESSION IN ALVEOLAR
TYPE II CELL CULTURED IN KGF PLUS RAT SERUM
VERSUS RAT SERUM ALONE

Name Accession No. Fold Change KGF�RS/RS

CINC-2� D 21095 32.0 	 1.76
CINC-1 (CXCL1) D 111445 1.7 	 0.28
MCP-1 (CCL2) X 17053 0.28 	 0.02
Surfactant Protein A M 33201 18.0 	 1.7
Surfactant Protein B Af 170350 11.8 	 0.7
Surfactant Protein C X 14221 6.3 	 0.5
Surfactant Protein D M 81231 2.5 	 0.2
Glycoprotein 38 (T1�) U 92081 0.50 	 0.04
Alpha-Crystallin B M 55534 0.29 	 0.07

Some of these data have been published previously (18). The data are expressed
as fold change (mean 	 SEM, N 
 3).

(KGF � rat serum), when the mRNA values were normalized
to GAPDH (n 
 5). By immunoblotting there was a similar
increase in T1-� protein in cells cultured in rat serum alone
(data not shown). Table 1 shows some additional gene profiling
data on these culture conditions to document the two pheno-
types. By oligonucleotide microarray analyses the differentiated
cells cultured with KGF had an increased expression of type II
cell markers (surfactant proteins) and a decreased expression
of type I cell markers (T1� and �-crystallin B). The cytokine
mixture was added from Day 7 to Day 8 of culture, and the cells
and media were harvested at 24 h after the addition of the
cytokines. Although the cytokine mixture caused no apparent
morphologic change at 4 h, at 24 h some of the cells cultured
with KGF plus the cytokine mixture rounded up and detached.
There was no significant effect of the cytokine mixture on cell
attachment or DNA per well in the absence of KGF (rat serum
alone). The cytokine mixture increased MIP-2, CINC-2, and
MCP-1 secretion in both phenotypes, and this was apparent if
the data were expressed per ml, per �g DNA, or per Millicell
(Figure 1). For example, the secretion of MIP-2 was 0.50 	 0.09
ng/�g DNA without stimulation and 4.64 	 1.55 ng/�g DNA
with cytokine stimulation in the dedifferentiated alveolar epithe-
lial cells and 1.13 	 0.10 ng/�g DNA without stimulation and
3.50 	 0.50 ng/�g DNA with cytokine stimulation in the differen-
tiated type II cells (n 
 7). The secretion of MCP-1 was greater
in the dedifferentiated alveolar epithelial cells (5% rat serum
alone) (173 	 34 pg/�g DNA without cytokines and 522 	 11
pg/�g DNA with cytokines compared with those differentiated
with KGF) (18 	 7 pg/�g DNA without cytokines and 198 	 65
pg/�g DNA with cytokines[n 
 7]) (Figure 1). This observation is
also supported by the mRNA data in Table 1. To document the
response to the cytokine mixture further, nitrite in the medium
and iNOS protein in the cells were also measured. The cytokine
mixture stimulated nitrite level in the medium and iNOS protein
level in the cells, and the response was independent of the state
of differentiation (Figure 2).

IL-1� Stimulates MIP-2, CINC-2, and MCP-1
but Not SP-A or SP-D

Because of some apparent toxicity induced by the mixture of
cytokines in the differentiated cells (KGF plus rat serum), the
experiments were repeated with IL-1� alone. Under these condi-
tions, there was no detachment. IL-1� alone (100 ng/ml) stimu-
lated secretion of MIP-2, CINC-2, and MCP-1 (Figure 3). In
data not shown, IL-1� alone also stimulated nitrite secretion in
both phenotypes but less than with the cytokine mixture. IL-1�
did not stimulate cell proliferation or secretion of SP-A or SP-D
(data not shown). Hence, both differentiated and dedifferenti-
ated alveolar type II cells secreted chemokines in response to
a mixture of cytokines or IL-1� alone.

Cytokines Increase mRNA Levels of CINC-1, CINC-2�,
CINC-3, and MCP-1 but Not CINC-2�

To define CXC chemokine expression more precisely, real-time
quantitative PCR was used to measure chemokine mRNA levels
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Figure 1. The combination of IL-1�, TNF-�, and IFN-� increase chemo-
kine secretion. Alveolar type II cells were cultured in rat serum with or
without KGF. The mixture of cytokines (10 ng/ml IL-1�, 10 ng/ml TNF-�,
and 10 ng/ml IFN-�) was added on Day 7 of culture, and the cells
and the apical media were collected 24 h later. The cytokine mixture
increased the secretion of MIP-2 and MCP-1 in both differentiated and
dedifferentiated alveolar type II cells. The results are shown as ng/ml
and data per �g DNA are stated in the text. The means 	 SE of seven
independent experiments is shown. The asterisk signifies a statistically
significant change (P � 0.05) compared with the controls without
cytokines, and the plus sign signifies a significant change (P � 0.05)
effect of KGF in the absence of cytokines.

after 4 h of incubation with cytokines. Primers and probes were
constructed to measure the individual CINC chemokines. Be-
cause CINC-2� and CINC-2� are very similar and arise by alter-
native RNA splicing, primers and probes were designed to match
the 3� untranslated portions of the mRNA transcripts. The expres-
sion of CINC-1, CINC-2�, CINC-3, and MCP-1, were increased
by the cytokine mixture independent of the state of differentiation
(Figure 4). Interestingly, CINC-2� mRNA was only detected in
the differentiated type II cell phenotype, and the expression was
not stimulated by the cytokine mixture. In additional studies,

Figure 2. The combination of IL-1�, TNF-�, and IFN-� increase nitrite
production and iNOS expression. The conditions are the same as in
Figure 1 and nitrite measurement in the media and iNOS immunoblot-
ting were performed as stated in MATERIALS AND METHODS. The immu-
noblotting was normalized to actin. A shows nitrite secretion into the
media, B shows the effect of the mixture of cytokines on iNOS protein
levels as measured by immunoblotting, and C shows a representative
immunoblot for iNOS and actin. The results are the mean 	 SE of six
experiments. The asterisk signifies P � 0.05 compared with the matched
control without cytokines. The cytokine mixture of IL-1�, TNF-�, and
IFN-� increased iNOS protein and nitrite secretion independent of the
state of differentiation.

IL-1� alone also increased expression of CINC-1, CINC-2�,
CINC-3, and MCP-1, but not CINC-2� (data not shown). To
confirm the real-time PCR data, we also performed Northern
analyses. The cytokine mixture increased CINC-2� mRNA lev-
els in both phenotypes (Figure 5A). However, expression of
CINC-2� was detected only in the differentiated phenotype, and
there was no increase with the cytokine mixture (Figure 5B).
Another unexpected finding was that there were consistently
two mRNA transcripts for CINC-2� (2.7 kb and 4.1 kb). Because
of these unexpected results, a second probe was generated and
another method of Northern analysis was used. Both sets of experi-
ments confirmed the two transcripts, the increase in mRNA level
of CINC-2� with cytokines, the decrease in CINC-2� mRNA
level with cytokines, and detectable expression of CINC-2� only
in differentiated type II cells.

To confirm these observations, the Day 7 cultures were also
tested for expression of CINC-2� and CINC-2� by in situ hybridi-
zation (18). CINC-2� was detected in the differentiated type II
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Figure 3. IL-1� alone increased chemokine secretion. The cells were
cultured and harvested as stated in Figure 1. Varying concentrations of
IL-1� were added on Day 7 of culture, and the media and cells were
harvested 24 h later. IL-1� (100 ng/ml) increased the secretion of MIP-2,
CINC-2, and MCP-1. The original values are ng/ml and have been
normalized in each experiment to the value of the control without IL-1�

for each phenotype and expressed as % of control. The results are the
means 	 SE of six independent experiments. The asterisk signifies an in-
crease compared with the control without addition of IL-1� (P � 0.05).

cells (rat serum plus KGF) but not the dedifferentiated type II
cells (rat serum alone) (data not shown). Expression of CINC-2�
was below the level of detection in these experiments.

CINC-2� Is Expressed in Type II Cells In Vivo

To confirm the expression in vitro, in situ hybridization was used
to demonstrate expression in vivo. Identifying individual type II
cells in vivo in normal lung is difficult with 33P probes (18).
However, hyperplastic type II cells can be readily identified in
lungs previously instilled with an adenovirus expressing KGF
(Ad-KGF) (35). CINC-2� was observed in airway epithelial cells
(Clara cells) and alveolar cells (presumably alveolar type II cells)
in the normal lung and in the hyperplastic type II cells in rats
previously instilled with Ad-KGF (Figures 6C and 6D). Expres-

Figure 4. The cytokine mixture increased mRNA levels of CINC-1,
CINC-2�, CINC-3, and MCP-1 but not CINC-2�. Type II cells were
cultured as described in Figure 1, and the cytokine mixture (10 ng/IL-1�,
10 ng/ml TNF-�, and 10 ng/ml IFN-�) was added on Day 7 of culture.
The cells were harvested and the RNA was extracted 4 h later. The
mRNA values were measured by quantitative real-time PCR as stated
in MATERIALS AND METHODS. The results are the means 	 SE for four
independent experiments. The asterisk signifies an increase compared
with the control without addition of cytokines, P � 0.05.

sion of CINC-2� was below the level of detection in these
experiments.

DISCUSSION

Our study demonstrates that cultured type II cells secrete MIP-2,
CINC-2, and MCP-1 in response to IL-1� alone or the combina-
tion of IL-1�, TNF-�, and IFN-�. Secretion of MIP-2, CINC-2,
and MCP-1 occurred in both differentiated and dedifferentiated
type II cells in response to cytokines and was unrelated to the
usual differentiation markers of type II cells. In addition, the
dedifferentiated phenotype secreted more MCP-1 than the dif-
ferentiated type II cell phenotype, especially when the data are
expressed per �g DNA. In contrast, CINC-2� was expressed
much more abundantly in differentiated rat type II cells. In
addition, CINC-2� mRNA level was not stimulated by the cyto-
kines mixture of IL-1�, TNF-�, and IFN-�, or by IL-1� alone.
Hence, CINC-2� appears to be restricted to the alveolar type
II cell phenotype, whereas expression of the other CINC iso-
forms and MCP-1 was expressed by both differentiated and
dedifferentiated alveolar type II cells.

The most striking unexpected finding was the different level
of expression and regulation of CINC-2� and CINC-2�. The
first studies on mRNA expression of CINC-2 isoforms were done
by quantitative real-time PCR. The primers and probes used for
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Figure 5. The mRNA levels of CINC-2� and CINC-2� show different
responses to cytokine stimulation. Differentiated and dedifferentiated
cultures of alveolar type II cells were cultured as defined in MATERIALS

AND METHODS. The cytokine mixture (10 ng/ml IL-1�, 10 ng/ml TNF-�,
and 10 ng/ml IFN-�) was added on Day 7 of culture, and 4 h later the
mRNA was extracted and processed for Northern analyses. A shows
results for CINC-2� and B shows results for CINC-2�. Cytokines in-
creased mRNA levels for CINC-2� in both phenotypes. The estimated
size for the single CINC-2� transcript is 0.8 kb. Cytokines did not increase
the mRNA level for CINC-2�. The estimated sizes of the two transcripts
for CINC-2� are 2.7 kb and 4.1 kb. The results are from one experiment
but are representative of three independent experiments.

real-time PCR were designed to differentiate CINC-2� from
CINC-2� transcripts by targeting the 3� untranslated portions
of these transcripts. These studies showed that CINC-2� was
expressed in both phenotypes and was increased with cytokines,

Figure 6. Expression of CINC-2 � mRNA in normal and Ad-KGF instilled
rat lung. The expression of CINC-2� in vivo was determined by
in situ hybridization in normal and Ad-KGF instilled rat lung. The in situ
hybridization was performed as stated in MATERIALS AND METHODS. In
A and B, normal lung is shown in brightfield and darkfield exposures
(original magnification: �100). In C and D, similar exposures of lung
that had been instilled 48 h previously with Ad-KGF (35) are shown
(original magnification: �200). The arrows point to alveolar epithelial
cells that express CINC-2�.

whereas expression of CINC-2� was restricted to the type II cell
phenotype and was not stimulated by cytokines. These data
were also confirmed in independent experiments by microarray
analyses on mRNA from rat type II cells cultured under similar
conditions. We have done several series of microarray analyses
with rat type II cells, and CINC-2� is consistently increased in
differentiated type II cells compared with dedifferentiated type
II cells (data not shown). Similar results were recently reported
by Gonzales and colleagues (41).

To confirm the real-time PCR measurements, we also per-
formed Northern analyses. One set used a probe designed from
the EST (BF553317) and the other used a probe generated from
CINC-2� (D21095). Initially we were concerned that the probe
generated from accession number BF553317 might identify an-
other related CXC chemokine, because it is not totally identical
to CINC-2�. However, both probes identified two CINC-2�
mRNA transcripts, one of 2.7 kb and the other 4.1 kb. These
were larger than that of CINC-2� (0.8 kb). KGF increased the
expression of CINC-2�, whereas the cytokine mixture or IL-1�
alone did not. In murine lung, another related CXC chemokine,
CXCL15 (lungkine or WECHE), has been identified (42, 43).
CXCL15 is a 20-kD protein, much larger than the CINC family
members. However, we could not find this gene in rat databases,
and our probes do not match the murine sequence.

To evaluate the CINC-2� expression in the lung, in situ
hybridization was performed using normal and Ad-KGF instilled
rat lung. The CINC-2� was highly expressed in the lung stimu-
lated with Ad-KGF and weakly in the normal lung. The cells that
express CINC-2� in vivo appear to be type II cells and the Clara
cells. Unfortunately, we were not able to distinguish CINC-2�
and CINC-2� at the protein level. We used a commercially
available antibody against CINC-2� for our ELISA measure-
ments. However, it was not specific for CINC-2� and also cross-
reacted 100% with CINC-2�. Thus, the CINC-2 that was measured
by the ELISA is likely both CINC-2� and CINC-2�, especially
with the type II cell phenotype. The CINC-2 protein measurement
tracks well with the CINC-2� mRNA in the dedifferentiated, type
I-like cells but less well in the differentiated type II cells. This is
presumably due to the fact that in the differentiated type II
cells there is a mixture of CINC-2� and CINC-2�. CINC-2� is
reported to play a major role for neutrophil influx into the
lung in response to Pseudomonas aeruginosa, and in this model
CINC-2� was not detected in the BALF or the lung tissue (44).
Similar results were reported for CINCs in lavage fluid after
instillation of lipopolysaccharide (30). More recently, Vanderbilt
and coworkers reported that rat type II cells express CINC-1
(GRO), CINC-2�, and CINC-3 (MIP-2) and that their expres-
sion increased after instillation of HCl or P. aeruginosa (17).
In their report, the expression of these chemokines decreased
rapidly when cultured on plastic but was maintained albeit at a
lower level on Matrigel. CINC-2� was also detected by RT-PCR
but not reported in detail. Macrophage secretion of CINC-1 and
CINC-3 is thought to play an important role in the recruitment
of neutrophils to the lung in LPS-induced acute lung injury
(45). We conclude expression of CINC-2� mRNA is apparently
restricted to differentiated alveolar type II cells and that it is
not regulated by the usual inflammatory cytokines. In contrast,
CINC-2� increases with cytokine stimulation, is found in lavage
during acute inflammation, and likely plays an important role
in neutrophil chemotaxis in vivo.

CINC-2� may have functions in addition to its putative role
as a neutrophil chemotactic protein. Specifically, CINC-2� may
be involved in wound healing. Since CINC-2� is expressed at
least at the mRNA level in the normal lung and the normal lung
does not have abundant neutrophil infiltration, either the mRNA
is not processed into a secreted protein or the processed secreted
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CINC-2� has other functions and presumably is not a strong
neutrophil chemoattractant in vivo. In the stomach, CINC-2� is
expressed in the gastric mucosa and has been suggested to be
involved in epithelial healing after ulcer formation (46). Since
epithelial cells express the CXCR2 receptor, CINC-2� could
serve as an autocrine regulator and have functions independent
of neutrophil chemotaxis. In the rat stomach, CINC-2� has been
reported to be expressed as a single mRNA transcript, although
it is not clear that the probe used would distinguish CINC-2�
from CINC-2� (47). In the lung, CINC-2� may be derived from
different RNA splicing than observed in the stomach. Additional
studies on the regulation of differential splicing and RNA pro-
cessing of CINC-2� transcripts are warranted as well as means
of measuring protein levels. These issues are important and
remain for future studies. Currently, we do not know the function
of CINC-2� in the normal lung.

Our results on chemokine production by alveolar epithelial
cells are similar to those reported previously by others. Vander-
bilt and colleagues reported expression of GRO (CINC-1) and
MIP-2 (CINC-3) in type II cells response to P. aeruginosa
in vivo and that expression decreased in type II cells cultured
in vitro (17). Paine and coworkers reported that type II cells
secrete MIP-1 in response to IL-1�, and their studies were done
under conditions in which the type II cells were dedifferentiated
(14). They showed preferential apical secretion of MCP-1. Crippen
and colleagues had reported that LPS, IL-1�, and TNF-�
increase total CINC secretion by rat type II cells (48). Several
groups have reported rat type II cells cultured on plastic secrete
MIP-2 in response to LPS and TNF-� (49, 50).

Most of our studies were done in vitro, and our dedifferenti-
ated type II cells in vitro may be different from type I cells
in vivo. The phenotype markers for type I and type II cells can
be readily changed by culture conditions, and there is plasticity
in their expression in vitro. Expression of these markers depends
on the matrix on which the cells are grown and on the soluble
factors in the media. Hence, extrapolation of the observations
of the dedifferentiated alveolar epithelial cells in this report to
type I cells in vivo should be done with caution.

In summary, cytokines stimulate chemokine secretion from
rat alveolar epithelial cells in primary culture, and secretion of
CINC-1, CINC-2�, and CINC-3 appear to be independent of
the state of differentiation. CINC-2� is expressed only in differ-
entiated alveolar type II cells and bronchial epithelial cells and
appears to be inhibited by cytokines. MCP-1 appears to be pref-
erentially expressed in the dedifferentiated alveolar epithelial
cells.
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